Bacterial toxin-antitoxin (TA) systems (or ''addiction modules'') typically facilitate cell survival during intervals of stress by inducing a state of reversible growth arrest. However, upon prolonged stress, TA toxin action leads to cell death. TA systems have also been implicated in several clinically important phenomena: biofilm formation, bacterial persistence during antibiotic treatment, and bacterial pathogenesis. TA systems harbored by pathogens also serve as attractive antibiotic targets. To date, the mechanism of action of the majority of known TA toxins has not yet been elucidated. We determined the mode of action of the Doc toxin of the Phd-Doc TA system. Doc expression resulted in rapid cell growth arrest and marked inhibition of translation without significant perturbation of transcription or replication. However, Doc did not cleave mRNA as do other addiction-module toxins whose activities result in translation inhibition. Instead, Doc induction mimicked the effects of treatment with the aminoglycoside antibiotic hygromycin B (HygB): Both Doc and HygB interacted with 30S ribosomal subunits, stabilized polysomes, and resulted in a significant increase in mRNA half-life. HygB also competed with ribosome-bound Doc, whereas HygB-resistant mutants suppressed Doc toxicity, suggesting that the Doc-binding site includes that of HygB (i.e., helix 44 region of 16S rRNA containing the A, P, and E sites). Overall, our results illuminate an intracellular target and mechanism of TA toxin action drawn from aminoglycoside antibiotics: Doc toxicity is the result of inhibition of translation elongation, possibly at the translocation step, through its interaction with the 30S ribosomal subunit.
T oxin-antitoxin (TA) systems, also known as suicide or addiction modules, represent an adaptation used by most free-living bacteria (1, 2) . TA modules are found either in bacterial genomes, on extrachromosomal bacterial plasmids or in bacteriophage genomes that lysogenize as low-copy plasmids. The protein sequences of known TA systems (Ͼ650 to date) fit into Ϸ10 conserved families. TA system toxin proteins are distinct from classic bacterial toxin proteins such as anthrax, cholera, or diphtheria (which are actually exotoxins). In contrast, TA toxins function inside the cell, and they enlist a cognate, labile antitoxin to impart reversible control over cell growth by modulating the level of the antitoxin relative to the stable toxin protein.
In general, TA systems appear to have evolved as genetic adaptations that impart distinct functions depending on whether they are carried on mobile elements or integrated into the chromosome. Chromosomal TA systems appear to be responsible for the phenotypic switch to a quasidormant state that enables cell survival during stress (e.g., antibiotic treatment, UV exposure, temperature extremes or nutrient deprivation) (3) . This quasidormant state can be rapidly reversed if the stressor is removed within a certain window of time, triggering the production of antitoxin that sequesters free toxin. Once cells pass beyond this reversible window of time into a ''point of no return,'' they can no longer be rescued from their quasidormant state (4) (5) (6) . Therefore, chromosomal TA toxin action only leads to cell death (proposed to represent a type of programmed cell death distinct from apoptosis in eukaryotic systems) if and when the cell reaches the limit of its capacity to either sustain quasidormancy and/or lose the ability to initiate the synthesis of enough antitoxin to reverse toxin action upon release from stress. This pathway of bacterial programmed cell death has been proposed to facilitate death of a subpopulation of damaged cells to preserve food for the population as a whole, serve as a defense against the spread of bacteriophage infection, and act as a mechanism to eliminate cells carrying deleterious mutations that would otherwise be passed to the following generations (7) . In fact, we have recently demonstrated that Myxococcus xanthus MazF initiates bacterial programmed cell death that is instrumental for multicellular development of this organism (8) . Chromosomal TA systems have recently been linked to medically important phenomena such as biofilm formation (communities of microorganisms that propagate on solid surfaces) and bacterial persistence upon antibiotic exposure (9) (10) (11) (12) (13) . More importantly, with the increase in antibiotic-resistant pathogens, TA systems would make attractive targets for new antibiotics designed to induce toxin-mediated cell suicide (7) .
The only Phd-Doc addiction module studied to date is that derived from the bacteriophage P1, which lysogenizes in Escherichia coli cells as a stable low-copy plasmid. In contrast to chromosomal TA systems, the P1-encoded phd-doc TA system-as well as other plasmid-encoded TA systems such as ccdAB, kis-kid, pemIK, and parDE-ensure their stable maintenance in host cells by a mechanism called postsegregational killing (14) . If a bacterial cell is cured of a plasmid that harbors a TA module (e.g., the plasmid fails to segregate to a newly divided cell) the fate of the host cell is sealed by the presence of the existing antitoxin and toxin proteins. In fact, the alternative term ''addiction module'' for TA systems relates to their role in postsegregational killing. Because the antitoxin is susceptible to protease degradation, the amount of free toxin increases as the antitoxin levels diminish, eventually leading to cell death. Therefore, although toxicity is reversible in chromosomal TA systems, the inability to synthesize new antitoxin (because of the absence of the phd-doc TA module DNA after plasmid loss) should preclude reversibility of P1-mediated Doc toxicity. In fact, the TA system harbored by bacteriophage P1 was discovered and named as a consequence of the properties of the antitoxin Phd (whose coexpression with the toxin gene was demonstrated to prevent host death) and toxin Doc (which was responsible for host cell death on curing) (15) .
Both the regulation of the phd-doc TA module, and the biophysical properties of the P1 Phd-Doc TA complex, have been studied in detail. Phd-Doc and their corresponding genes exhibit characteristic properties of TA systems. The genes encoding Phd and Doc reside in an operon (16) , and the antitoxin (Phd, 73 aa/8.1 kDa) and toxin (Doc, 126 aa/13.6 kDa) are relatively small proteins. Two Phd antitoxin polypeptides form a 2:1 heterotrimer with one Doc toxin polypeptide (17) to both inhibit the toxin activity of Doc and autoregulate antitoxin-toxin module transcription (18, 19) . Phd dimers are subject to cleavage by ClpXP protease (20) and can also autoregulate the module (21, 22) . However, the mechanism of the Doc-mediated cell death is not known.
In this work, we pinpoint the molecular mechanism of Doc action derived from bacteriophage P1. Doc expression results in rapid cell-growth arrest accompanied by inhibition of translation without significant perturbation of transcription or replication. However, Doc does not cleave mRNA, as documented with several other TA toxins whose activities result in translation arrest. In fact, mRNA is significantly stabilized upon Doc induction. Doc induction exhibited other significant parallels to treatment with the aminoglycoside antibiotic hygromycin B (HygB), suggesting similarity in their mechanisms of action. Doc toxicity appears to result from a block in translation elongation resulting from Doc interaction with the 30S ribosomal subunit. Furthermore, the ability of HygB to compete for Doc binding to the 30S ribosomal subunit, coupled with the loss of Doc toxicity in a HygB-resistant bacterial strain suggests that the Doc-binding site includes that of HygB-the highly conserved 16S rRNA helix 44 at the 30S-50S interface of the ribosome containing the P and A sites essential for protein translation.
Results
Doc Expression Leads to Translation Arrest. In contrast to classic secreted toxins designed to kill those cells that do not possess immunity, TA system toxins always act inside the cell that synthesizes them, and their toxicity is reversible. Therefore, we predicted that Doc is likely to disrupt one of the essential cellular machineries that carry out RNA transcription, protein translation, or DNA replication instead of targeting the cell wall.
To dissect Doc function in living cells, we used an E. coli strain containing an arabinose-inducible low-copy pBAD33 plasmid with a pACYC origin (23) to enable Doc expression. TA toxin expression from this relatively tightly regulated system is a reliable method for mimicking the normal process of the activation of a single toxin in vivo (i.e., through protease cleavage of its cognate antitoxin to release free toxin). Although selected stress conditions can be used to activate TA toxins by inducing cleavage of their cognate antitoxins, there is no known trigger for Doc only. In fact, it is likely that at least some stresses can trigger activation of more than one of the E. coli TA toxin family members (24) .
We first used permeabilized E. coli cells to determine whether toxin expression affects DNA replication, transcription, or translation by quantifying incorporation of isotope labeled precursors of DNA, RNA or protein, respectively. We harvested E. coli cells that had been grown with or without arabinose for Doc induction, permeabilized their membranes after a brief exposure to toluene (25) , and measured ATP-dependent DNA, RNA, or protein synthesis (ATP must be supplied to drive energy, requiring metabolic processes in permeabilized cells). Our results suggested that Doc targets translation, but not transcription or replication, because only [ 35 S]methionine incorporation was inhibited [supporting information (SI) Fig. 7 ].
We then measured the effect of Doc induction on growth and translation in vivo. As expected, Doc expression was toxic; cell growth was arrested within 20 min of Doc induction ( Fig. 1A) , with a corresponding reduction in colony-forming units that paralleled the trend of the growth profile (data not shown). Aliquots of cells from early time points from the same growth profile experiment were also labeled with [ 35 S]methionine. Consistent with our results using permeabilized cells, Doc induction inhibited translation because [ 35 S]methionine incorporation rapidly decreased within 20 min of Doc induction and leveled off to Ͻ10% of normal incorporation from the 40 min through the last 120-min time point ( Fig.  1 B and C) . These results are consistent with an earlier study that documented the effect of Doc on MazE-MazF (24) .
Phd Can Rescue Doc-Mediated in Vitro Translation Arrest and in Vivo
Growth Arrest. We expressed the phd-doc module in a pET expression vector that added a His 6 epitope tag to the carboxyl terminus of the Doc toxin. We then affinity-purified the Phd-Doc complex ( Fig. 2A, lane 1) using a Ni-NTA column and separated Phd from Doc by denaturation. The stoichiometry of the Coomassie-stained Phd-Doc complex upon affinity purification does not appear to approximate the published 2:1 Phd-Doc ratio. We have noted variability in the ratio of the Coomassie-stained complex from experiment to experiment, suggesting limited accessibility of Phd for His-tagged/column-bound Doc, possibly because of crowding on the affinity column. Also, two proteins migrating at Ϸ70 and Ϸ29 kDa that copurified with the Phd-Doc complex were identified by mass spectroscopy as L-glutamine:D-fructose-6-phosphate aminotransferase (GFAT) and the prolyl isomerase SlyD, respectively. Although SlyD has a highly histidine-rich carboxyl-terminal domain and is a well known contaminant with Ni-NTA affinity purifications (26) , we have also documented copurification of the histidine-rich protein GFAT upon Ni-NTA purification of other TA systems.
Recombinant Doc was obtained after the denatured TA mixture was again passed through a Ni-NTA column; the Phd flow-through and eluted Doc toxin was renatured by stepwise dialysis (Fig. 2 A,  lanes 2 and 3) . Because the recovery of Phd after renaturation was low, we also expressed Phd alone in a pET vector, followed by Ni-NTA purification through its carboxy-His 6 tag as an alternate source of recombinant Phd. Coupled in vitro transcription/ translation was then performed with or without the addition of Doc alone or both Phd and Doc (Fig. 2B ). Consistent with our data demonstrating that induction of Doc leads to a block in translation in living and permeabilized cells, recombinant Doc inhibited in vitro translation. The effects of Doc can be reversed by addition of antitoxin Phd to the reaction mixture. In vivo, we also demonstrated that coexpression of phd and doc rescues Doc toxicity (Fig. 2C ). Taken together, our results demonstrate that Doc directly or indirectly inhibits translation, and this effect can be reversed by antitoxin Phd.
Doc Expression Leads to mRNA Stabilization. Some TA toxins lead to translation arrest indirectly by elimination of virtually all of the intracellular mRNA through their sequence-specific endoribonuclease activity [e.g., E. coli MazF (27) and ChpBK (28), Kid on plasmid R1 (29) , and PemK on plasmid R100 (30) ]. We analyzed the effect of Doc expression on the steady-state levels of mRNA in vivo. Northern blot analysis of four distinct transcripts revealed that Doc does not degrade mRNA because the levels of each transcript remained constant up to 120 min after Doc induction (SI Fig. 8 ). This result was in striking contrast to all other TA toxins-MazF, PemK, ChpBK, RelE, and HigB-known to target and rapidly degrade mRNA (27, 28, 30, 31) . Therefore, we suspected that the presence of Doc might stabilize mRNA.
To measure mRNA decay rates, we arrested transcription by blocking RNA polymerase activity with rifampicin and determined the effect of Doc expression on tufA and ompA transcript levels (Fig. 3) . Both transcripts were stabilized by Doc and exhibited the same overall trend, with the shorter-half-life transcript tufA (32) exhibiting more pronounced stabilization (t 1/2 increased from 4 min to 48 min) than the longer-half-life ompA transcript [which displayed a t 1/2 increase from 13 min to 48 min (33)]. Therefore, Doc inhibited translation and stabilized mRNA, a combination of phenotypes not exhibited by other TA toxins.
Doc Interaction With Ribosomes and the 30S Ribosomal Subunit Can
Be Competed by Hygromycin B in Vivo. To better understand how Doc exerts toxicity, we next investigated the effect of Doc on free and translating ribosomes. Because Northern blot analysis indicated that Doc was clearly not cleaving mRNA (SI Fig. 8 ), we suspected that it might bind to ribosomes because TA toxins RelE (34) (35) (36) and YoeB (ref. 37 and Y.Z. and M.I., unpublished work) are also known to act through an association with ribosomes. We obtained a ribosomal profile from cells overexpressing Doc only (but not treated with chloramphenicol or HygB) and compared it with those from wild-type untreated cells or HygB-treated cells ( Fig. 4 A-C) . Although chloramphenicol is typically used to immobilize poly- somes on mRNA, we used HygB instead because the pBAD33 plasmid we used to induce Doc expression possessed the chloramphenicol resistance gene as its selectable marker. Interestingly, Doc induction led to stabilization of the polysome peak just as in cells treated with HygB ( Fig. 4 B and C) .
HygB is an aminoglycoside antibiotic that predominantly functions as an inhibitor of translation elongation (38) (39) (40) . HygB treatment stabilizes mRNA in E. coli (data not shown); we demonstrated the Doc expression results in mRNA stabilization as well. Structural analysis of HygB interaction with the 30S ribosomal subunit (41) is in agreement with its biochemical properties-it binds the 30S subunit at a single site that includes the A, P, and E sites. Because the phenotypes we observed with Doc expression were consistent with a translation-elongation defect, we tested whether Doc and HygB might target the same region of the 30S subunit. First, we performed Western blot analysis on ribosome profile fractions and found an association of Doc toxin with polysome, 70S, and 30S fractions but not the 50S fractions (Fig. 4D,  lanes 1-3) . We then used the same approach to determine whether addition of increasing amounts of HygB (50, 200, or 500 g/ml) to Doc-induced cells affected Doc binding. We observed that HygB could compete with Doc binding to its ribosomal targets-as we increased the concentration of HygB, we observed a concomitant decrease in the amount of Doc associated with the 30S, 70S, and polysome fractions (Fig. 4, lanes 4-6) .
Doc Is Not Toxic in a Hygromycin B-Resistant Mutant.
Because HygB could effectively compete for Doc binding to the 30S ribosomal subunit, it is possible that the region of the 30S subunit bound by Doc includes the HygB-binding site. We used a well characterized HygB-resistant strain (that also exhibits resistance to other amino-glycosides) containing a plasmid that expresses a mutated 16S rRNA at position 1491 (42, 43) to test whether Doc toxicity and interaction with the 30S ribosomal subunit is reduced when Doc expression is induced. The G1491U mutation disrupts the highly conserved C1409-G1491 Watson-Crick base pair in the A site of the decoding region in helix 44 near the 3Ј end of 16S rRNA in the 30S subunit (42, 43) . In fact, although another 16S rRNA mutation at G1409U also results in HygB resistance, we did not use this strain because the growth rate is slower and the resistance weaker than the G1491U mutant.
We performed ribosome profile experiments and plate-growth assays to assess whether the HygB mutation lessened the severity of the two phenotypes linked to Doc overexpression-the formation of polysome stabilization and toxicity (growth arrest). Remarkably, the severity of both phenotypes was dramatically reduced in the G1491U HygB mutant (Fig. 5 ). First, polysomes did not accumulate when Doc was induced in the mutant, as was the case after mutant cells were exposed to 50 g/ml HygB ( Fig. 5 A and B) . Growth phenotypes (plate, Fig. 5C and liquid culture, SI Fig. 9 ) of G1491U mutant and wild-type cells subjected to Doc induction or hygromycin treatment were consistent with the ribosome profile phenotypes. More specifically, the G1491U mutant and wild-type cells had comparable growth rates (42) . However, Doc induction was no longer toxic and did not cause cell-growth arrest in G1491U mutant cells. These experiments further support a model in which the Doc-binding site includes that bound by HygB.
Discussion
TA systems represent a recently discovered addition to the defense mechanisms enlisted by free-living bacteria to either protect them from stress by initiating signals to pull cells from an active growth mode into a quasidormant phase (chromosomally encoded TA toxins) or facilitate postsegregational killing to maintain an extrachromosomal element that imparts a survival advantage to the cell (P1 bacteriophage or plasmid-encoded toxins). Although the primary goal of chromosomal TA toxins is not to kill but to instead arrest cell growth, their action does eventually lead to bacterial cell death if the stress that triggers TA toxin action is sustained.
The molecular mechanisms by which TA toxins initiate quasidormancy and cell death are gradually being elucidated. To date, (D) Fractions corresponding to free 30S and 50S ribosomal subunits, 70S monosomes, and polysomes from samples treated as labeled above the graphs were collected and subjected to Western blot analysis with a Doc polyclonal antibody. Samples for the HygB competition experiments in lanes 4 -6 were exposed to 50 g/ml, 200 g/ml, or 500 g/ml HygB before cell harvesting and ribosome fractionation. We observed strong chemiluminescence with very short exposure times; high-intensity bands appear with varying degrees of white centers that diminish with increasing concentration of HygB exposure. Because the two ϪDoc polysome samples were not loaded adjacent to the four ϩDoc polysome samples, they were digitally placed in the same order as the other frames in D. TA toxins are known to perturb one or more vital processes-DNA replication, RNA transcription, and protein translation-with DNA gyrase, mRNA, and ribosomes serving as toxin targets. We demonstrated that the mechanism of action of Doc is distinct from all of the other characterized TA toxins (summarized in Fig. 6 ). The majority of the effects of Doc expression mirror those associated with characteristic translation-elongation defects-inhibition of protein synthesis, ribosome binding, mRNA stabilization, and polysome accumulation-there are no other TA toxins known to directly target translation elongation. A Doc-meditated elongation block at the translocation step would lead to an accumulation of stalled ribosomes along the length of actively translating mRNAs during logarithmic growth, consistent with the mRNA stabilization we observed. Note that this mechanism of toxicity would not require that all of the 30S subunits assembled into actively translating 70S ribosomes need be bound by Doc. Translating ribosomes lacking Doc would encounter Doc-arrested ribosomes downstream that physically block their ability to continue elongating. Finally, although we characterized Doc activity derived from the Phd-Doc addiction module in bacteriophage P1, orthologs of this module exist as chromosomal TA systems in several free-living organisms and pathogens. Therefore, the chromosomal counterparts of Phd-Doc are expected to impart stress survival in lieu of postsegregational killing through Doc interaction with the 30S ribosomal subunit.
We have obtained valuable clues to Doc function based on similarity to some features of HygB. The illustration in Fig. 6 summarizes the important features of the phd-doc module and the proposed role of Doc in elongation translocation. HygB primarily functions as an inhibitor of translation elongation; it acts at the translocation step by preventing movement of the peptidyl tRNA from the A site to the P site. An elongation block at the translocation step would lead to an accumulation of stalled ribosomes along the length of actively translating mRNAs during logarithmic growth, consistent with the mRNA stabilization we observed. HygB also binds the 30S subunit at a single site that includes the A, P, and E sites (41) . Our data suggest that the site on the 30S ribosomal subunit bound by Doc includes the HygB-binding site. The HygB-30S structure revealed that HygB binds to the 30S subunit (composed of 21 ribosome proteins and 16S rRNA) at the top of helix 44. Helix 44 is highly conserved, resides at the 30S-50S interface, and contains the P, A, and E sites; HygB resistance mutations have also been localized to helix 44 (44) . HygB primarily inhibits translation elongation but also somewhat decreases mRNA decoding fidelity (38, 40, (45) (46) (47) . Doc may also act, as does HygB, at the translocation step by preventing movement of the peptidyl tRNA from the A site to the P site.
As the mechanisms of action of more TA toxins come to light, the similarities between certain TA toxin family members (proteins typically Ϸ10 kDa) and classic small-molecule antibiotics that target the ribosome are striking. In fact, much of our insight into Doc function was illuminated based on the parallels between the effects of Doc and HygB on E. coli cells. Ribosomes appear to be particularly effective targets for irreversible or reversible toxicity. In fact, nearly half of all well validated antibiotic targets involve the 30S subunit, 50S subunit, or 70S ribosome (48) . Like antibiotics, TA systems Doc, YoeB, and RelE have exploited the same ribosome targets to impart translation arrest. However, these TA systems have also adapted to enable reversible toxicity through the regulatable association of the antitoxin with its cognate toxin. Ongoing structural characterization of the Phd-Doc complex, detailed analysis of the Doc-ribosome interaction will further enhance our understanding of how Doc family members impart toxicity through their association with ribosomes.
Materials and Methods
Strains and Plasmids. We used E. coli strains BL21(DE3), BW25113 (lacI q rrnBT14 ⌬lacZWJ16 hsdR514 ⌬araBADAH33 ⌬rhaBADLD78), or strains containing 16S rRNA plasmids pKK3535 [containing the entire rrnB operon) or pKK1491U (the G1491U mutant; (42)] kindly provided by Steven Gregory in the Albert Dahlberg laboratory (Brown University, Providence, RI). The phd-doc operon was PCR amplified from bacteriophage P1 with 5Ј NdeI-XhoI 3Ј ends and cloned into the corresponding sites of pET21c (Novagen) to create pET21c/Phd-Doc (pNW318) used to coexpress the Phd-Doc-His 6 complex. The Phd ORF was PCR amplified with 5Ј NdeI-XhoI 3Ј ends and cloned into the corresponding sites of pET21c to create pET21c-Phd (pNW319) and used to produce Phd-His 6 . The Doc ORF was PCR amplified as a 5Ј BamH I-Hind III 3Ј fragment and cloned into the corresponding sites of pET21c to create pET21c-Doc. Plasmid pET21c-Doc was digested with 5Ј Hind III-XbaI 3Ј and subcloned into pBAD33 to create pBAD33-Doc (pNW320) (23) . (25, 49) , [␣-32 P]dTTP (50) , and [␣-32 P]UTP (51) incorporation into toluene-treated cells was performed as described. In vivo [ 35 S]Met incorporation was also performed as described (52) . 6 . Features of Phd-Doc function in E. coli. Toxicity occurs when free Doc toxin is able to arrest translation elongation by binding to the 30S subunit (denoted by the X); unchecked toxin action leads to bacterial cell death (i.e. postsegregational killing for P1 bacteriophage infected cells). The mechanism of mRNA stabilization by Doc can also be envisioned because stalled ribosomes protect mRNA from degradation. Note that all 30S subunits do not necessarily have to be bound by Doc for both mRNA stabilization and translation arrest to occur because stalled ribosomes block read-through of ribosomes before them.
Transcription, Replication, and Translation Competence. [ 35 S]Met

Purification of Recombinant
In Vitro Protein Synthesis. Prokaryotic cell-free protein synthesis was carried out with the E. coli T7 S30 Extract System for Circular DNA (Promega); the ϩDoc and Phd/Doc samples contained 36.5 g of Doc-His6 or 36.5 g of Doc-His6 plus 146 g of Phd-His6, respectively. Northern Blot Analysis. Total RNA was isolated by the hot-phenol method (53) . tufA (elongation factor EF-Tu), ompA (outer membrane protein A), ompF (outer membrane porin protein), and lpp (major outer membrane lipoprotein) mRNAs, were hybridized with radioisotope-labeled PCR fragments corresponding to the ORF only. For t 1 ⁄2 measurement, Doc was induced for 20 min, 200 g/ml rifampicin added to Ϫ/ϩ Doc cultures, and RNA prepared at intervals as indicated.
Ribosome Profile Analysis.
Approximately seven A260 units of each S30 extract was layered onto each 5-40% (wt/vol) continuous sucrose gradient in 10 mM Tris⅐HCl (pH 7.5), 50 mM NH 4Cl, 10 mM MgCl2, 1 mM DTT and centrifuged at 35,000 rpm in a Beckman SW41 rotor for 3.5 h at 4°C. Gradients were fractionated and analyzed at 254 nm with a FPLC detector to follow rRNA levels. Fractions corresponding to polysomes, 70S, 50S, and 30S were subjected to Western blot analysis using Doc polyclonal antibody. This antibody was generated in rabbits by using pure Phd-Doc complex as the antigen (PRF&L); the specificity of the antibody for Doc (and not Phd) in the ribosome profile fractions was verified by comigration with pure Doc control lanes. Doc-induced samples with HygB treatment were prepared from cells induced with arabinose for 20 min, followed by exposure to 50 g/ml, 200 g/ml, or 500 g/ml HygB for 10 min. Ribosome profile analysis for E. coli cells containing pKK1491U and pBAD33-Doc ( Fig. 5 A and B) was performed as described above except that, when HygB was added, the incubation time was increased to 20 min.
